[1] We report observations that show the Western Divide, between the Ross and Amundsen Sea sectors in West Antarctica, is currently thinning $0.08 m a À1 and migrating toward the Ross Sea at 10 m a
Introduction
[2] Changes in activity of fast-flowing outlet glaciers and ice streams exert strong control on the mass balance of the West Antarctic Ice Sheet; mass change of the Ross Sea sector has been positive since Kamb Ice Stream stagnated about 180 years ago [Joughin and Tulaczyk, 2002] , while increased flow speeds of Pine Island and Thwaites Glaciers over the past few decades have resulted in large mass losses from the Amundsen Sea sector [Rignot et al., 2008] . Observations from Pine Island Glacier show strong coupling between coastal regions and the upper reaches. Specifically, velocity perturbations at the grounding line propagated rapidly (less than two decades) more than 100-km upstream . Ice-flow models reproduce this tight coupling and fast response [e.g., Joughin et al., 2009; Payne et al., 2004; Alley et al., 1987] . A fundamental question relevant to the future stability of the West Antarctic Ice Sheet is therefore: Can the onset regions of fast-flowing glaciers and ice streams migrate inland? If so, how far can they migrate, and how fast? Large length-scales or short time-scales have important implications for sea level rise. Length-scales all the way from the coast to the ice divide imply that the reservoir available for discharge is large. Short time-scales imply that it could be sudden.
Field Measurements
[3] Here we investigate ice flow at the Western Divide, which separates the Ross and Amundsen Sea sectors of West Antarctica (Figure 1 ). We analyze measurements made by us during austral summers of 2002 -2003 and 2003 -2004 as part of the site selection for the WAIS divide core (WDC). Measurements include repeat surveys (13 months apart) of a network of 98 poles (Figure 2 ) using the Global Positioning System (GPS). Measurements were used to map the surface topography ( Figure 2a ) and to calculate the surface velocity field (Figure 2b ). Mean uncertainty in the velocity components calculated over the 1.1-year interval is 0.04 m a À1 . Icepenetrating radar profiles along and between the three primary pole lines (Figures 1 and 2a) were used to map both ice thickness and internal layers. Uncertainty in depth of a reflecting layer arises primarily from uncertainty in the wave speed in ice (about ±2 m ms À1 , which corresponds to $1.2% of the depth to the reflector), and from ambiguity in picking the two-way travel time (±0.01 ms or about ±1 m in ice); uncertainty is about 42 m for 3400-m thick ice. Bed topography (Figure 2a ) was calculated from surface topography and ice-thickness.
[4] We used high-frequency radar to track continuous internal layers and spatially extrapolate the depth-age relationship from a 105-m core (ITASE 00-1) collected near the divide [Neumann et al., 2008] . The depth-age relationship extends back to AD 1651 [Dixon et al., 2004] ; the ice-equivalent accumulation rate at the core site (averaged over the 349 years between AD 1651 and 2000) is 0.25 m a [Banta et al., 2008] .
Mass Continuity
[5] Direct measurements of the rate of ice-thickness change _ h from repeat surveys of surface elevation are hampered by the need to adjust for near-surface snow density variations, and inter-annual variations in accumulation [Helsen et al., 2008] . To get around this problem, we calculate _ h from continuity
where _ b is the ice-equivalent surface mass balance (accumulation -ablation) and r ÁQ is the horizontal flux divergence of ice.
Ice FluxQ and Flux Divergence : ÁQ
[6] The ice fluxQ has components q x and q y in the x and y directions:
where h(x,y) is the measured ice thickness and the dimensionless factor g(x, y) scales the components of the measured horizontal surface velocity u(x, y) and v(x, y) to depth-averaged velocities. The flow law for ice constrains values of g(x, y) to range from 0.7 at ice divides in steady state and frozen to the bed [Schott-Hvidberg, 1996] , to 1.0 for ice sliding at the bed [Paterson, 1994] . Here we assume g(x, y) varies as a function of distance from the divide and calculateQ for three different g-distributions. Our preferred g-distribution (case I in Figure 2d ) is based on results from Neumann et al. [2008] that indicate (1) the location of the Western Divide has not been stable but rather has moved around for at least 5000 years and (2) the bed is likely frozen on the Amundsen Sea side of the divide but possibly melting (and sliding) on the Ross Sea side.
[7] Assuming that variations in the ice flux are smooth within ±40 km of the divide, we fit the 98 point measurements ofQ with a vector polynomial of degree P in x, y
Here q x * and q y * are components of the vector polynomialQ * that is fit to the observed vectorsQ. The polynomialQ * is redundant (it is defined in line above) and could be removed to improve readability, which minimizes the mismatch to observations, is constrained so that the divergence r ÁQ * is of degree D, and the curl r ÂQ * is of degree C. The degree of the divergence is held at D by imposing the linear constraint (i + 1)a i+1,kÀ1
The degree of the curl is held at C by the constraint (i + 1)b i+1,kÀ1 + (k + 1 À i)a i,k+1Ài = 0, for all k > C and i k.
[8] All 30 polynomials for 1 P 4 with 0 D < P and 0 C < P were considered, and each was evaluated using the statistical F-test [von Storch and Zwiers, 1999] . The best fit using our preferred g-distribution (r 2 Q = 0.996), is polynomial P, D, C = 3, 1, 1; that is, a 3rd degree polynomial with both the divergence and the curl varying linearly in x, y. The flux divergence r ÁQ* ¼ 
Ice-Thickness Change
[9] Figure 3a shows the spatial pattern of ice-thickness change _ h, calculated from equation (1) using r ÁQ * and the radar-derived annual accumulation _ b; Table 1 gives statistics for the five points indicated in Figure 2 . Uncertainty in the divergence e rÁQ includes uncertainties in g, u, v and h, as well as uncertainty in the polynomial fit (Appendix A and Table 2 ). Uncertainty in the annual accumulation e_ b is taken to be 15% of _ b [Banta et al., 2008] . Uncertainty in icethickness change e_ h is estimated by assuming that e_ b and e rÁQ are uncorrelated. Most of the uncertainty in _ h comes from uncertainty in _ b (Table 1) .
[10] Results indicate strong thinning ( _ h = À0.11 ± 0.05 m a À1 ) 10 km from the divide on the Amundsen Sea side, thinning at the divide ( _ h = À0.08 ± 0.04 m a À1 ), no significant thickness change at WDC, and thickening ( _ h = +0.09 ± 0.03 m a À1 ) 40 km from the divide on the Ross Sea side (Table 1 and Figure 3a) . Our results are consistent with those detected by satellite radar altimetry that reveal strong surface lowering in the Amundsen Sea sector and slight thickening in the Ross Sea sector over the period 1995 -2003 [Helsen et al., 2008 .
Discussion
[11] The observed pattern of thickness change will cause the divide to migrate toward the Ross Sea at $10 m a À1 ; if the pattern persists, the divide will migrate $1 km in 100 years (Figure 3b ). Divide migration is consistent with the radar-detected internal stratigraphy. At ice divides in steady state and frozen at the bed, vertical velocity at middepths is lower than on the flanks and hence radar-detected layers beneath the divide are arched upward [Raymond, 1983] . Such a distinctive stack of layering is not evident beneath the Western Divide [Neumann et al., 2008] ; either the bed is not frozen and/or the divide has been moving. Asymmetric thinning and migration of the Western Divide have consequences for interpretation of the WAIS divide ice core located on the Ross Sea side of the divide. Particle paths may be complex; it is possible that some of the deeper ice now at the core site originated from the Amundsen Sea side of the present divide.
[12] Although the accumulation rate 3000 years ago was about 30% higher than present, its gradient across the divide has not changed for at least 5000 years [Neumann et al., 2008] ; the pattern of thickness change is a result of asymmetric dynamical thinning on either side of the divide rather than changes in the accumulation-rate gradient.
[13] The characteristic timescale for ice sheets is the ratio of ice-thickness to the accumulation rate h= _ b [Paterson, 1994] ; for the Western Divide (h = 3400 m and _ b = 0.27 m a À1 ), h= _ b = 12,000 years. However, the relaxation time for adjustment of divide position to a perturbation at the margin is a small fraction of h= _ b [Hindmarsh, Case III is for a divide that is in steady state and frozen to the bed [Schott-Hvidberg, 1996] . Case II is for constant g = 0.85. Case I is our preferred distribution, which is based on results from Neumann et al. [2008] . Points 1 -5 are used for calculations shown in Table 1 ; points 1 -3 and 5 coincide with locations of survey poles. 1996]; the relaxation time for the Western Divide is expected to be about 1000 years and the corresponding volumetric response time is about twice that [Nereson et al., 1998 ]. Theory that the Western Divide is now responding to perturbations over millennial timescales is consistent with evidence from exposure ages from rock outcrops in the Amundsen Sea sector that indicate thinning has been ongoing there for at least 4500 years [Johnson et al., 2008] [14] It is also possible the divide is responding to more recent dynamical changes. The onset of fast flow of a tributary of Thwaites Glacier is within 70 km of the divide [Joughin et al., 2009] , while those of tributaries of Kamb and Bindschadler Ice Streams in the Ross Sea sector are within 100 km of it. This configuration allows perturbations at the grounding line to be transmitted to within 100 km of the divide over decadal timescales [e.g., Payne et al., 2004] ; in this case the divide could be responding to centennial rather than millennial forcing. Following this hypothesis, the mass gain in the Ross Sea sector since the slow down of Kamb Ice Stream about two centuries ago [Joughin and Tulaczyk, 2002] , and the mass loss in the Amundsen Sea sector over the past few decades [Rignot et al., 2008] , could also be contributing to the present-day divide migration.
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Appendix A: Analysis of Uncertainties
[16] Given uncertainties e h in h, e g in g, as well as e u and e v in the components of the surface velocity, uncertainty in the components q x and q y of the flux vectorQ (e x and e y ) comes from application of the algebra of error propagation [Bevington, 1969] :
Mismatch between the vector polynomial and the observedQ over the N Q = 98 observations is E = rms x 2 + 
To avoid differentiating the surface velocity field itself, the derivatives @u/@x and @v/@y are determined from . Table 2 summarizes statistics for the five points shown in Figure 2 . Cases 1 -5 are for the five best fitting polynomials, with our preferred g-distribution, in decreasing F-test order. Results in cases 6 and 7 are for different g-distributions. Case 8 is the standard deviation of cases 1 -7.
